The 4CL-1 gene is one of two highly homologous parsley genes encoding 4-coumarate:coenzyme A ligase, a key enzyme of general phenylpropanoid metabolism. Expression of these genes is essential for the biosynthesis of both defense-related and developmentally required phenylpropanoid derivatives. We examined the developmental regulation of the 4CL-1 promoter by analyzing the expression of 4CL-1-8-glucuronidase fusions in transgenic tobacco plants. A 597-base pair 4CL-1 promoter fragment specified histochemically detectable expression in a complex array of vegetative and floral tissues and cell types. The activity of a series of 5' deleted promoter fragments was analyzed in parsley protoplasts and transgenic tobacco plants. Deletions past -210 base pairs led to a drastic decline in 8-glucuronidase activity in protoplasts and loss of tissue-specific expression in transgenic tobacco. These results were put into the context of potential protein-DNA interactions by in vivo footprint analysis of the 4CL-1 promoter in parsley cells. Loss of promoter activity in parsley protoplasts and transgenic tobacco was correlated with the deletion or disruption of the dista1 portion of a large (100-base pair) footprinted region within the first 200 base pairs of the 4CL-1 promoter.
INTRODUCTION
Differentiation of plant cell types often exploits the diversity of the end products of phenylpropanoid metabolism. Lignin and cell wall-bound phenolics are structural components of xylem and other vascular tissues, flavonoid floral pigments are attractants for pollinating insects, and a range of flavonoid derivatives serve as either activators or inhibitors of plant-microbe interactions. Synthesis of these compounds, therefore, must be integrated into organ differentiation (Wiermann, 1981) . The first and last steps of general phenylpropanoid metabolism are catalyzed by L-phenylalanine ammonia-lyase (PAL) and 4-coumarate:coenzyme A (COA) ligase (4CL), respectively. PAL converts phenylalanine into cinnamic acid, whereas 4CL catalyzes the formation of COA esters of various cinnamate derivatives. These activated derivatives are, in turn, substrates for many branch pathways leading to the accumulation of end products in specialized cell types or in many cell types in response to stress (Hahlbrock and Grisebach, 1979; Hahlbrock et al., 1982) .
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The organization and regulation of phenylpropanoid genes have been areas of active research (see Hahlbrock and Scheel, 1989; Lamb et al., 1989; Dixon and Harrison, 1990; Dixon and Lamb, 1990; Dangl, 1991, for recent reviews) . This analysis has focused on their transcriptional control in response to pathogen attack, light stress, or mechanical wounding (Chappell and Hahlbrock, 1984; Cramer et al., 1985a Cramer et al., , 1985b Lawton and Lamb, 1987) . The hallmark of these responses is the rapid, often cell typeindependent accumulation of the respective mRNAs preceding accumulation of protective compounds (Schmelzer et al., 1989) . Response of phenylpropanoid genes to environmental triggers is layered atop their normal temporal and spatial expression. Detection of P-glucuronidase (GUS) activity from chimeric promoter-reporter gene fusions allowed detailed definition of cell type-specific expression patterns from PAL and chalcone synthese (CHS) promoters (Bevan et al., 1989; Liang et al., 1989b; Ohl et al., 1990; Schmid et al., 1990; van der Meer et al., We have concentrated on the parsley 4CL-1 promoter because 4CL occupies a key position at the branch between general phenylpropanoid metabolism and end product-specific branches. 4CL is encoded in parsley by only two highly homologous genes, which show no evidence of differential regulation (Douglas et al., 1987; Lozoya et al., 1988) . This contrasts with the complex organization and differential regulation observed in severa1 species for PAL and CHS genes (Bolwell et al., 1985; van Tunen et al., 1988; Beld et al., 1989; Liang et al., 1989a; Lois et al., 1989) . In this paper, we describe the cell type-specific expression specified by the 4CL-1 promoter.
R E SU LTS Cell Type-Specific Expression from the 4CL-1 Promoter
In situ analysis of 4CL mRNA accumulation in parsley seedlings (Schmelzer et al., 1989) showed that 4CL expression is developmentally regulated. Here, we detailed the ability of the parsley 4CL-1 promoter to direct cell typespecific expression of the GUS reporter gene (Jefferson et al., 1987) in transgenic tobacco. In a separate study (DougIas et al., 1991) , we showed that whereas the 4CL-1 gene is regulated by light and elicitor in parsley cells and in transgenic tobacco, 4CL-1 promoter sequences alone are insufficient to mediate regulation by these stimuli. Histochemical detection of GUS expression from a 4CL-1-GUS fusion containing 597 bp of the 4CL-1 promoter is shown in Figure l . Activity was high in the primary xylem of axillary buds and developing leaf veins ( Figure  1A ) but undetectable in any other cell types of young stems or leaves. There was no expression in these epidermal cells, or in those of leaves (not shown), where lightinduced synthesis of flavonoids was localized (Schmelzer et al., 1988) . Tracheary elements were visualized in stained sections (Figure 16 ) by the autofluorescence of lignin and other cell wall-bound phenolics under UV excitation . The highest 4CL-1 -GUS activity was found in xylem tissue where tracheary elements were beginning to differentiate. This activity was not observed in the fully differentiated xylem of a mature leaf petiole (not shown). 4CL-1 -GUS activity was extensive in the secondary xylem of older stems (Figure lC) , where GUS activity was restricted to files of ray parenchyma cells lying between highly lignified tracheary elements (Figure 1 D) . In emerging lateral roots, GUS expression was limited to subapical cells (Figure 1 E) , whereas in elongated roots, expression was observed in vascular tissue, root hairs, and subapical cells (not shown). Figure  1M ). The 4CL-1 promoter was highly expressed in pigmented petal tissue of both light-grown and dark-adapted plants ( Figure 1N ). We conclude that expression of the footprinting analysis of the 4CL-1 promoter in suspensioncultured parsley cells was performed to localize potential protein-DNA contacts. Figure 2 shows that several strong in vivo protections from, as well as enhancements of, methylation were apparent over a stretch of around 100 nucleotides in comparison to in vitro methylated DNA (-90 bp to -190 bp) . Figure 3 shows the location of these residues in the 4CL-1 promoter sequence. Investigation of the region between -200 and -700 failed to reveal any similar alterations in methylation patterns (not shown), and treatment with fungal elicitor resulted in no major changes in putative protein-DNA interactions in this or any part of the 4CL-1 promoter to around position -700. A series of Bal31 exonuclease deletions throughout the 4CL-1 promoter were fused to the GUS reporter gene and analyzed for transient expression in parsley protoplasts. Figure 4 shows that progressive 5' deletion quantitatively diminished expression in protoplasts but that a major drop occurred upon truncation from -210 bp to -174 bp (compare plasmids 810 and 803, Figure 4 ). The end point at -174 removed the TATA-distal portion of the in vivo footprinted region. We conclude that a critical c/'s-acting element is deleted or disrupted within these 36 bp at the distal end of the footprinted region and that elements distal The genomic DNA sequence of G ladders of the noncoding strand of the parsley 4CL-1 gene from -70 bp to -230 bp is presented. The most prominent differences are noted in the pattern of sensitivity to in vivo DNA methylation by methyl sulfate in suspensioncultured parsley cells treated 4 hr before methylation with Phytophthora megasperma f. sp. glycinea elicitor (lane E) or in untreated control cells (lane C) relative to G methylation of cloned DNA (lane G). Open arrowheads, G residues hypomethylated in both elicitortreated and control cells; filled arrowheads, G residues hypermethylated in both elicitor-treated and control cells.
4CL-1 promoter in petals is light independent, provided there is not a very long-lived signal.
Two Hundred Ten Base Pairs of 4CL-1 Promoter Is Sufficient for Cell Type-Specific Expression
The data presented above show that the 4CL-1 promoter is able to specify GUS expression in a developmentalĉ omplex manner. We defined the c/s-acting elements responsible for quantitative expression of the 4CL-1 promoter in parsley and then determined whether any of these c/s-acting sequences also mediate cell type-specific and tissue-specific expression in transgenic tobacco. In vivo The coding strand is depicted with the transcription start site (Douglas et al., 1987) marked by a horizontal arrow above the sequence. The translation initiation codon is indicated by MET. Arrowheads above the nucleotide sequence indicate C residues that correspond to those G residues on the noncoding strand shown to have altered sensitivity to in vivo methylation. Open arrows, hypomethylation; filled arrows, hypermethylation. Vertical arrows beneath the sequence show the 5' end points and respective names of some promoter deletion derivatives that were tested for transient expression in parsley protoplasts and for tissue-specific expression in transgenic tobacco plants. The putative TATA sequence is boxed. Numbers to the right refer to base pairs relative to the transcription start site. to -210 bp, not detected by in vivo footprinting, further enhance 4CL-1 transcriptional activity. These 5' deleted GUS fusions were transferred to tobacco for histochemical analysis of 4CL-1 promoter activity in the tissue and cell types shown in Figure 1 . Table 1 summarizes the results obtained from these analyses. Deletion of DNA upstream of -210 bp had no qualitative effect on tissue-specific expression: GUS activity was evident in all tissues and cells in plants transgenic for promoters 210 bp or longer. However, expression was undetectable in any tissues in any plants transgenic for the 120-bp and 78-bp deletions. Expression was partially disrupted in plants transgenic for the 174-bp promoter. No vascular or root expression was evident in any of these plants, but weak cell-specific GUS expression was clearly evident in certain floral organs of three plants expressing relatively high levels of GUS activity (determined fluorometrically). Thus, the 36 bp between -210 bp and -174 bp appears to be required both for efficient basal expression in parsley tissue culture cells and for part of the complex pattern of tissue-specific expression in transgenic tobacco. Sequences downstream of -1 74 bp, which by themselves specified very low levels of expression in parsley cells, appear to be sufficient for some aspects of the observed tissue-specific expression.
DlSCUSSlON
Our data show that a 21 O-bp promoter fragment from the parsley 4CL-1 gene is sufficient to direct tissue-specific and cell-specific expression of the GUS reporter gene in transgenic tobacco. These observations confirm and extend the compartmentalization of phenylpropanoid gene expression first postulated from enzymatic studies (Rubery and Northcote, 1968; Jones, 1984) , defined by in situ hybridization (Schmelzer et al., 1989) , and complemented by histochemical analysis of PAL-GUS promoter fusions (Bevan et al., 1989; Liang et al., 1989b; Ohl et al., 1990) . We have also characterized in detail expression from the 4CL-1 promoter in floral tissues, where a complex pattern of tissue-specific and cell-specific expression in vascular, nectary, and stigmatic tissue, as well as in developing In one out of the five plants in which floral organs were examined, weak but detectable expression was observed in nectaries and seeds and pollen, was observed. We found that much of the nonvascular expression was limited to epidermal cells. Phenylpropanoid derivatives in floral tissues may serve as insect attractants or microbial repellents in nectaries and may be used as structural components of the developing seed coat. Receptive "wet" stigmata (such as those found in tobacco) have been reported to secrete a variety of phenolic compounds, which may function as protectants against microbial infection or insects, inhibitors or stimulators of pollen germination, or as a nutrient source when present as phenolic glycosides (Esau, 1977; Knox, 1984) . We also showed that flavonoid accumulation in petals is probably developmentally triggered rather than light induced. In contrast, phenylpropanoid gene expression in epidermal cell layers of vegetative tissue is primarily light controlled (Schmelzer et al., 1988; Liang et al., 1989b; Douglas et al., 1991) . Although our data ( Figures 1M and  1N ) support the contention that light is not required for 4CL-1 expression in peta1 epidermal cells, we note that the presence in plants of a potential long-lived signal has precedence (Ohl et al., 1989) . The reduced pigmentation in etiolated flowers suggests that pigmentation is light enhanced.
We limited the sequences responsible for this myriad of cell type-specific expression modes to 21 O bp upstream of the transcription start site. Furthermore, we showed that a deletion to -1 74 bp abrogates histochemically detectable GUS activity in vascular, root, and some floral tissues. This same deletion also caused a 1 O-fold drop in transient GUS expression in parsley protoplasts. Thus, removal of only the most TATA-dista1 sequences from the broad in vivo footprinted region severely disrupted 4CL-1 expression in both parsley protoplasts and transgenic tobacco, suggesting that at least some cis-acting elements identified by in vivo footprinting are required in common for tissue-specific expression and expression in undifferentiated tissue culture cells. Interestingly, a partially palindromic in vivo footprinted sequence, TAGTCAAC (position -178), was disrupted in this deletion and is conserved in PAL promoters (positions -236 in bean gPAL2, Cramer et al., 1989; -258 in PcPAL-1, Lois et al., 1989; -331 in Arabidopsis PAL1, Ohl et al., 1990) . We cannot, however, rule out the possibility that this or other element(s) removed in this deletion play a purely quantitative role in 4CL-1 expression and do not by themselves specify cell-specific and tissue-specific expression. Elements downstream of -174 bp are also involved in specifying at least some of the observed 4CL-1 expression modes, for example in certain floral organs. The footprinted sequence CTCAC-CAACCC at position -137 is noteworthy in this regard because it is highly conserved in severa1 PAL and other phenylpropanoid genes (Lois et al., 1989; Ohl et al., 1990) .
Clearly, more refined mutations of elements within the 21 O-bp promoter are needed to test their roles in specifying cell type-specific expression; these experiments are currently underway.
METHODS

Genomic Sequencing
In vivo footprinting was done according to modifications (SchulzeLefert et al., 1989) of the original procedure (Church and Gilbert, 1984) . Genomic fractions enriched for 4CL-1 or 4CL-2 were prepared as follows: Genomic DNA from dimethyl sulfate-treated parsley cells was digested to completion with BamHl and fractionated on sucrose gradients to separate the 4CL-1 and 4CL-2 upstream regions (contained on 3.0-kb and >1 O-kb restriction fragments, respectively). This also resulted in a large enrichment of the 4CL-1 promoter fragment because greater than 90% of BamHI-digested DNA was larger than 3 kb in size. Genomic fractions were digested with Sau3A to create reference cuts at position +118 of both genes. High specific activity single-stranded probes were generated by priming synthesis over an M13 template spanning the promoter region.
Plasmid Constructions
Plasmids 99-G1-800 through 99-G1-813 were constructed by cloning 4CL-1 promoter fragments as transcriptional fusions upstream of the GUS gene in pRT99-GUS-JD/Kozak, a derivative of pRT99-GUS-JD (Schulze- Lefert et al., 1989 ) that contains a consensus eukaryotic ("Kozak") translation start site (Kozak, 1981 ; a gift of R. Jefferson). A 1.5-kb promoter fragment was first isolated by Ba131 deletion of a 2.7-kb BamHl fragment, starting an Sstl site 3' to the transcription start site. This deletion derivative had a 3' end point at position +17 with respect to the transcription start site and was cloned into pRT99-GUS-JD/Kozak (to create 99-G1-800). 5' deletion derivatives (99-G1-801 to 99-G1-813) were created by standard procedures using Ba131 and upstream restriction sites.
Tobacco Transformation
4CL-1 -GUS fusions were cloned as EcoRI-Hindlll fragments into BIN19 (Bevan, 1984) and transferred into Agrobacterium tumefaciens by triparental matings with fscherichia coli strains (Ditta et al., 1980) . The structure of all BIN19 constructions in Agrobacferium was confirmed using the screening method of Ebert et al. (1987) . Tobacco leaf discs were transformed and plants were regenerated by standard methods (Horsch et al., 1985) .
Protoplast Preparation and Transformation
Protoplasts were prepared from 5-day-old suspension-cultured parsley cells as described by Dangl et al. (1987) , and transformation with 20 pg/106 protoplasts of supercoiled or linearized plasmid DNA was performed as described (Lipphardt et al., 1988; Schulze-Lefert et al., 1989) . Cells were kept in constant darkness, and GUS activity was assayed 2 days after transfer using the fluorometric assay (Jefferson, 1987) .
Histochemical Localization of GUS Activity
Histochemical localization of GUS activity was performed as described by Jefferson (1 987). Hand sections, tissue for paraffin embedding and sectioning, or whole mounts were taken from 4-month-old greenhouse-grown plants or 3-week-old to 4-week-old axenically grown F1 seedlings. Before staining, tissue was vacuum infiltrated with 0.5% paraformaldehyde, 1 O0 mM sodium phosphate (pH 7.0), 0.4 M sucrose for 1 hr, and then washed twice for 15 min with 100 mM sodium phosphate (pH 7.0). Handsectioned tissue or tissue for whole mounts was stained for GUS activity for 3 hr to 16 hr using 5-bromo-4-chloro-3-indole glucuronide (X-Gluc, Research Organics, Cleveland, OH or Clontech, Palo Alto, CA) at 0.5 mg/mL in 100 mM sodium phosphate (pH 7.0). After staining, the tissue was cleared in ethanol (25% to 80%) and observed with a Zeiss Axioskope. Autofluorescence was observed using excitation at 365 nm to 425 nm and emission above 450 nm (Zeiss filter set 48771 8).
Thicker tissue sections used for embedding were prefixed on ice as above, washed twice for 15 min with 100 mM sodium phosphate (pH 7.0), and then stained with X-Gluc for 16 hr to 18 hr. The tissue was postfixed in 1% paraformaldehyde, 0.5% glutaraldehyde, 1 O0 mM sodium phosphate (pH 7.0), and washed for 60 min with 100 mM sodium phosphate (pH 7.0), with buffer changes every 10 min. Tissue was dehydrated in a series of aqueous ethanol solutions (v/v) as follows: 25%, do%, and 55% for 20 min each; 70% overnight at 4°C; 8O%, 90%, and 95% for 20 min each at room temperature; 100% twice for 20 min. Subsequently, the tissue was infiltrated with tertiary butanol and paraplast as described by Schmelzer et al. (1989) . Embedded tissue was sectioned at 1 O-pm to 20-pm thickness using a standard rotary microtome (Leitz, type 121 2). Subsequent handling of tissue sections (relaxation, binding to microscope slides, solubilization of paraffin with xylene) was performed as described by Schmelzer et al. (1 989) . Using these methods, endogenous GUS activity, as described in certain floral organs (Plegt and Bino, 1989; Hu et al., 1990) , was not observed in any organs examined from untransformed tobacco plants or tobacco plants transgenic for a promoterless GUS gene.
